The Wide Field Infrared Survey Explorer is a NASA Medium Class Explorer mission to perform an all-sky survey in four infrared wavelength bands. The science payload is a cryogenically cooled infrared telescope with four 1024 2 infrared focal plane arrays covering from 2.8 to 26 µm. Advances in focal plane technology and a large aperture cryogenic telescope allow an all-sky survey to be performed with high sensitivity and resolution. An efficient survey is obtained using a cryogenic scan mirror to freeze the field of view on the sky over the 9.9-second frame integration time. Mercury cadmium telluride (MCT) detectors, cooled to 32 K, are used for the two midwave channels (3.3 µm and 4.6 µm), and Si:As detectors, cooled to < 8.3 K, are used for the two long wavelength channels (12 µm and 23 µm). Cooling is provided by a two-stage solid hydrogen cryostat which provides temperatures < 17 K and < 8.3 K at the telescope and Si:As focal planes, respectively. The science payload supports operations on orbit for the seven-month baseline mission with a goal to support a 13-month extended mission, if possible. The payload recently passed CDR and is being fabricated. This paper provides a payload overview and discusses instrument requirements and performance.
INTRODUCTION

WISE mission
The Wide-field Infrared Survey Explorer (WISE) is a cost-capped MIDEX program funded by NASA's SMD Universe Division, managed by the Jet Propulsion Laboratory (JPL), and led by Principal Investigator Edward Wright from UCLA 1 . The WISE mission will map the entire sky from 2.8 to 26 µm with sensitivity unmatched by any previous survey mission, achieving over 500,000 times the sensitivity of Cosmic Background Explorer (COBE) at 3.5 and 4.7 µm and a thousand times that of Infrared Astronomical Satellite (IRAS) at 12 and 25 µm. WISE will establish an essential database for testing theories of the origins of planets, stars, and galaxies and is a precursor for the James Webb Space Telescope (JWST).
The survey is accomplished by continuously taking images of the sky as the satellite rotates around in low earth orbit. Because it is a sun synchronous orbit, the orbital precession yields the second scan direction and yields an entire sky survey over the six-month data-taking mission lifetime. The scan mirror freezes the sky during each 11 second frame. Each frame of data has an 8.8 second integration time on the detectors, with data collected using a sample up-the-ramp 2 technique. To allow for readout time and scan mirror fly-back, each frame is 11 seconds in length. Accounting for a 10% frame-to-frame overlap and a 90% orbit-to-orbit overlap and planned outages for the moon, SAA, data downlink, and other outage events, we estimate that WISE will cover each area of the sky a minimum of eight times. Mission elements include a science payload, spacecraft, mission operation and data processing 1 . The flight system consists of the science payload and spacecraft elements together. This paper focuses on the science payload.
Flight system
The 750-kg WISE flight system ( Figure 1 ) will be launched into a 530-km, sun-synchronous orbit. Utah State University/Space Dynamics Laboratory is providing the science payload and Ball Aerospace Technology Center is providing the spacecraft bus. The science payload consists of the cryogenically cooled, IR instrument and control/ data collection electronics. The flight system was designed with limited structural, thermal, and electrical interfaces between the payload and the spacecraft. This design allows the payload and spacecraft to be developed and tested in parallel and eases system integration. As seen in Figure 1 , the payload instrument mounts to the top of the spacecraft bus with a ?wostat primary FPMAs (4) simple mechanical interface made by a composite bi-pod support structure, which provides structural support for the payload and the necessary thermal isolation from the spacecraft.
The payload electronics are housed in the spacecraft bus and are connected to the instrument via electrical cables. The aperture cover seals off the vacuum shell during ground operations and is ejected approximately two weeks after launch. The vacuum shell allows the solid hydrogen-cooled cryostat to be processed on the ground and protects the cold telescope while the spacecraft outgasses on-orbit. An aperture shade protects the open aperture from environmental heat loads from the sun, earth, and albedo. Design of the shade allows necessary pointing maneuvers for the survey and downlink scheme. This instrument has strong legacy to previous solid hydrogen-cooled infrared instruments built at SDL, such as SPIRIT III 2 and WIRE 4, 5 , and will apply lessons learned from these programs.
WISE is designed to perform a four-band infrared all-sky survey over the course of its six-month data collection mission. Although the six-month mission allows full-sky coverage, the program goal is to provide 12 months of data collection. The limiting factor is the available cryogen, and the cryostat has been designed with increased cryogen margins for risk mitigation and the potential for an extended mission.
SCIENCE PAYLOAD DESCRIPTION
The science payload ( Figure 2 ) is a cryogenically cooled, infrared imaging instrument which covers four infrared bands (see Table 1 ). The optical subassembly consists of an all-reflective, 40-cm telescope, which includes a single axis scan mirror. Light passes through the telescope into the beam splitter assembly (BSA) where it is separated and directed onto four mid-infrared focal plane arrays (FPAs). The optical subassembly is contained within and cooled by a two-stage solidhydrogen cryostat. 
Optical subassembly
The WISE optical subassembly (see Figure 3) includes an afocal telescope, a scan mirror, imaging optics, and the BSA. The afocal telescope, scan mirror, and imaging optics were designed and are being fabricated by SSG Precision Optics, Inc 6 . The optical subassembly fits into the cryostat and is structurally and thermally tied to the cryostat via the interface flange. The scan mirror is placed in collimated space between the afocal optics and the imaging optics and holds the field of view steady on the sky as the spacecraft rotates in its orbit.
2.1.1
Telescope The telescope is a 13-mirror, all-aluminum system that uses gold-coated, bare-polished aluminum mirrors. As a result, the telescope is an inherently athermal system that will not require any cryo-nulling or cryo-figuring. The scan mirror is placed in collimated space where the exit pupil of the afocal optics coincides with the entrance pupil of the imaging optics to reduce beam-walk and allow for a smaller scan mirror. As the one moving part, the scanner is designed with redundant drive and electronics. The optics are designed to operate at less than 17 K to keep the instrument background low. The primary design drivers for the afocal optics included the aperture size, good image quality, and low distortion. As described in previous papers 2, 6 , low distortion in the optics ahead of the scanner is necessary to avoid streaking point sources as the scanner freezes the image on the sky. The 8x afocal magnification balances the size of the imaging optics with the field of view and the scan range of the scan mirror. The imaging module focuses the collimated light from the scanner onto each focal plane through the BSA.
The telescope's stray light performance is driven by the requirement to take data within 15 degrees of the moon without impacting data quality. Multiple iterations of the analysis and design parameters were performed to balance the optical and stray light performance in all • HeaterkeepsFpAat32K
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• Alum iiumstagc I Shorting Connector four bands. Additionally, the thermal emissions from the warmer aperture shade were analyzed and mitigated with appropriate baffling and coatings.
Since the telescope is modular, the afocal optics, imaging optics, and scan mirror are developed and tested in parallel. Upon build-up and check out of these optical modules, they are brought together and tested as a subsystem prior to delivery and integration. Parameters of the optical subassembly are shown in Table 2 .
Beam splitter assembly
The BSA is an aluminum structure that holds three beam splitters that separate the light from the imager into the four bands. The optical layout for the BSA is shown in Figure 4 . The BSA is aligned to and attaches to the imager structure, providing the physical interface between the imager and the focal planes.
The focal plane module assemblies (FPMAs) are mounted to the BSA. This interface provides the physical support and allows for focus and alignment adjustment. A composite thermal isolator is used between the mount and BSA for bands 3 and 4, providing the thermal isolation needed to achieve the lower temperatures for these two FPAs, which are thermally strapped to the primary tank. The isolation also provides a means for these FPAs to be annealed on orbit, if necessary.
Filters are mounted as close as possible to each FPA to increase out-of-band rejection and reduce ghosting and the Stierwalt effect. Filters for bands 1 and 2 use a sapphire substrate. The band 3 filter uses ZnSe, and Band 4 will be filtered using Si.
Focal planes
WISE uses four FPAs to capture data in its four IR bands. These advanced devices allow the sensitive, high-resolution all-sky survey. DRS Sensors and Targeting Systems, Inc. provides the four FPMAs, cables, and electronics to SDL for integration. Bands 1 and 2 use MCT arrays produced by Rockwell Scientific. The WISE MCT arrays are based on JWST devices and have a red cutoff of approximately 5.4 µm. For WISE, the cadmium-zinc-telluride substrate is removed after hybridization to avoid radiationinduced luminescence that may impact the instrument performance. The arrays use an antireflection coating designed for the WISE bands to improve performance. The MCT focal planes use proven HAWAII 1RG readouts. We examined the popcorn noise reported for these types of MCT devices 7 and have determined that the limited impacts that occur during WISE's 9.9-second integration time can be accounted for in the noise and operability requirements. The performance of the MCT detectors at this point have shown higher dark current and noise than have been reported for similar devices. These differences are being examined and a new lot of detector material is being developed to improve performance.
Bands 3 and 4, the long-wave bands, use arsenic-doped silicon blocked impurity band arrays (Si:As), produced by DRS. The Si:As detector material designed for WISE provides a red cut-off of approximately 27 µm. These arrays also use an anti-reflection coat matched to the WISE bands to improve performance. The Si:As arrays are mounted to a low-noise readout that was developed early in the WISE program to match the 1024 2 format. Key performance parameters for the FPAs are listed in Table 3 . Both types of FPA use a common mount to interface to the BSA. Slight differences in the FPAs are accounted for in the cold electronics on the FPMAs and an isolator that allows the MCT arrays to operate at a higher temperature than the base. The mount design is illustrated in Figure 5 .
Cryogenic support system
The cryogenic support system consists of the dual stage solid-hydrogen cryostat, the aperture shade, and the bi-pod support structure that interfaces the instrument to the spacecraft. Each of these components is essential to the optical and thermal performance.
2.3.1
Cryostat The WISE cryostat 7 provided by LockheedMartin is a dual-stage solid hydrogen design consisting of two cryogen tanks housed within a vacuum shell. Figure 6 illustrates the cryostat design. This design provides two separate cooling zones. The secondary tank operates at 10.2 K; cools the optical subassembly to less than 17 K; and absorbs the parasitic heat loads from the outer shell, environment, MCT arrays, and telescope. The 7.3-K primary tank is mounted off the secondary tank and cools only the Si:As FPMAs. The heat loads and the size of the vent lines to space define the vapor pressure and temperature of each cryogen tank.
Important parameters addressed in the cryostat include providing appropriate temperatures, cryogen life, and ground hold necessary for launch processing. Because the availability of cryogen limits the mission lifetime, WISE program management decided to include over 100% margin on cryogen life to mitigate risk and to support a possible mission extension. Since the cryogen tanks represent a small fraction of the total cryostat mass, the benefit far outweighed the minimal mass impact.
The aperture cover seals the vacuum space and protects cryostat interior and the optical subassembly during ground and launch operations. The cover is fastened to the cryostat with pyro-actuated separation nuts and will be jettisoned on orbit.
The cryogen tank vent valves are also pyro-actuated. Cryogens from the secondary tank will be vented through the flight system center of mass to limit imparted torques. Primary tank vent rates are not high enough to impart significant torque on the flight system. 
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To limit the parasitic loads into the cryogen, the vacuum shell will operate below 200 K on orbit. This is made possible by taking advantage of the sun synchronous orbit and insulating the sun-facing side of the instrument with MLI blankets and leaving the space-facing side open to radiate to space. By using a high-emissivity/low-absorptivity coating on the outside of the blanket, the design is able to achieve the low shell temperatures. The predicted cryogen life on orbit is currently 15.6 months.
Aperture shade
The aperture shade reduces the impact of environmental heat loads on the open aperture and supports limited pointing capability for the flight system to shift around the moon and point to TDRSS to downlink the science data. To reduce inner surface self emissions into the open cryostat, we use a twostage design where the inner stage of the shade is goldcoated and includes a radiator to cool it to approximately 100 K. Figure 7 illustrates the shade design.
Bipods
The WISE payload is supported off the spacecraft top deck by four S2-glass fiber wound composite bipods. These provide structural support and thermally isolate the payload from the spacecraft. A simple mounting pad at the cryostat and a clevis foot at the spacecraft deck provide straightforward integration of the bi-pod fixtures. Rod end bearings at each end of the struts eliminate moment transfer at the interfaces making a very efficient structural design.
Electronics
WISE payload electronics (Figure 8 ) control the focal planes and the scan mirror, process data, monitor system health and telemetry, and fire the payload pyro devices. The electronics are housed in three boxes, mounted to the spacecraft walls. The three boxes are the Monitor Electronics Box (MEB), Focal Plane Electronics Box (FEB), and Digital Electronics Box (DEB).
The MEB monitors payload health, controls the scanner, focal plane annealing heaters, and pyrotechnic devices for releasing the aperture cover and opening the orbit vents. The FEB controls the focal planes and digitizes raw focal plane data. The DEB performs sample up-the-ramp processing on the digital focal plane data from the FEB and transmits the processed data to the spacecraft. A functional block diagram of the payload is shown in Figure 9 . 
MIL-STD 1553B Bus
WISE employs a "sample up-theramp" (SUTR) algorithm to estimate the flux on a pixel 9 . How this is used was described in a previous paper 2 .
The electronics synchronize the start of the focal plane data collection and scan mirror movement so that data is collected while the images are held stable on the sky. The scan mirror retraces at the end of each frame and the process repeats. The WISE payload is designed to collect data in one mode continuously. Updates to the scan rate will be performed periodically from the ground.
KEY PERFORMANCE REQUIREMENTS
Key performance requirements for the science payload are listed in Table 4 below. From these driving requirements, suballocations were made to subsystems. Current design predictions for the payload were shown in Table 1 . The key driving requirements for the payload are discussed below.
Image quality
Several metrics are commonly used to measure image quality; for WISE, the figure of merit is noise pixels. The noise pixel metric was chosen because it relates directly to the uncertainty in the estimate of the irradiance of a point source. This metric was defined previously 2 , but is summarized as:
The payload image quality performance predictions are shown in Table 5 . It should be noted that for bands 1 to 3, performance is predicted relative to a 2.75 arcsec pixel, but the band 4 performance is predicted relative to a 5.5 arcsecond pixel because band 4 is binned. We analyzed the image quality and suballocated the requirement to various subsystems. The current best estimates for payload image quality roll up to the value shown in Table 5 . These results indicate that the design is adequate and has sufficient margin. 
Sensitivity
The sensitivity requirements are shown in Table 6 . The sensitivity is based on an expected minimum of eight observations of a star during the mission life and a signal-to-noise ratio for detection of 5.
The sensitivity requirement drove several detector and optics parameters which are being met in the design. The predictions using the latest WISE payload design are shown in Table 6 . These predictions include the worst-case zodiacal background.
Thermal
The thermal system is designed to provide cooling for the FPAs and optics throughout the specified mission lifetime. As described previously, the secondary cryogen tank intercepts the majority of the parasitic and instrument loads while the primary tank cools the Si:As FPMAs. A copper thermal strap thermally tethers each Si:As FPMA to the primary tank. A dual-stage aperture shade limits heat loads from the environment into the open aperture.
Lifetime for the solid hydrogen is driven by a 200 K vacuum shell temperature, which is achievable based on analysis of the external thermal design and consistent with the shell temperature achieved in previous LEO missions. The electronics are passively cooled and are mounted within the spacecraft. The key thermal requirements for the payload are listed in Table 7 , with predicted temperatures listed in the next column. Preliminary analysis of the thermal design indicates that the thermal requirements can be met.
3.3.1
Cryogen life WISE has been designed to meet the thermal requirements over seven months of on-orbit operations-one month of onorbit checkout and six months of data collection. The current 15.6 month cryogen life prediction supports the program goal, provides risk mitigation for the primary mission, and supports additional data collection.
INTEGRATION AND TEST
Because WISE has a modular design, subsystems can be tested as they are integrated. Figure 10 shows a simplified integration and test flow. In general, subsystems undergo protoflight-level environmental testing prior to integration. The majority of testing is done using liquid helium and ground heaters to achieve operating temperatures. The first step in the integration process ( Figure 10, A) is to assemble the BSA, flight focal planes, and the imaging module (including the scanner). This assembly is then focused at cryogenic temperatures using an external warm collimator. For these tests, the optics are cryogenically operated inside a test dewar with a warm external window and a cold ND8 filter in order to reduce the background. A blackbody with a precision pinhole is used as the source. By moving the pinhole and measuring the ensquared energy at each pinhole location, the position of optimal focus is obtained 10 . The position of the pinhole that gives the best focus for WISE in this configuration is then compared to the position that defines optimal focus of the collimator. The difference multiplied by the square of the ratio of the WISE focal length and the collimator focal length defines the distance the WISE focal planes need to be moved to achieve optimal focus. The focal planes are then shimmed to the correct, in-focus, position.
Next, the imager/BSA assembly is tested for sensitivity, image quality, and spectral responsivity using SDL's MIC2 calibration chamber (Figure 10, B) . This IR test facility has been used on multiple DOD and NASA programs. The focused assembly is mounted inside a test dewar which interfaces to the MIC2 exit port. MIC2 shares the vacuum space with the assembly and has several externally configurable modes that will allow many aspects of WISE to be tested without having to break the vacuum or warm up. These configurations are shown in Figure 11 . The electro-optical parameters measured for WISE fall generally into two categories: those that are used in the radiance characterization equation, which relates sensor response to measured radiance (e.g., dark offset, non-linearity, flatfielding) and those that are used as part of a more general sensor model (e.g., optical distortion, relative spectral responsivity).
The radiance characterization equation is given by Nom is the nominal pixel mask. The MIC2 configurations in which these terms are measured are shown in Figure 11 .
The peak irradiance responsivity, or sensitivity to a point source, is calculated based on the image quality (measured in noise pixels taken from the point response function) and the peak radiance responsivity. Other parameters, such as the relative spectral responsivity, are measured using MIC2 and a step-scan interferometer. After the imager is attached to the afocal optics, the resulting assembly is then lowered into the cryostat, and the captured bolts that attach the telescope to the cryostat flange are tightened. Thermal connections to the primary tank and electrical connections for the telescope and the focal planes are made through the access port at the bottom of the cryostat. This completes the assembly of the payload.
Following close-out of the cryostat, the integrated payload is tested for focus, image quality, sensitivity, and spectral responsivity using MIC2 (Figure 10, C) . In addition, an external collimator (Figure 10, D) , is used to as a cross-check to verify focus and static image quality for band 1. The results of these tests are used as a baseline to assure that no changes occur during subsequent payload acceptance level structural testing.
In parallel with electro-optical testing performed in tests C and D, the flight cover and ejection mechanism will be tested using coldgas actuators. These actuators allow the cover to be tested under various scenarios without using live pyros. The cover ejection design has been utilized on two previous missions. The design includes three separation nuts, each with redundant initiators, and six spring plunger assemblies that push the cover off once the fasteners are released on-orbit. The firing circuitry fires both the primary (side A) and secondary (side B) actuators when commanded. However, the side B initiators are fired after a slight delay. Consequently, the cover will be tested with various combinations of delays to simulate failures of either one or two side A initiators.
The test and integration flow also includes several cold door tests, which begin with test E in Figure 10 . These tests are performed with the instrument cold and the aperture cover cooled to below 20 K to provide a dark background. Stimulation sources mounted on M2 provide a stable source that can be used during integration with the spacecraft bus and during launch operations to verify and trend sensor performance without the need for an external source.
After structural environmental tests (Figure 10, F) , a payload thermal test is performed using solid hydrogen (Figure 10 , G). In this test, the cryostat is loaded with solid hydrogen using the same procedure as will be used during launch operations. The payload will then be tested to verify operating temperatures and heat rates and to measure the ground hold time.
Final electro-optical testing of the payload occurs next. First focus and image quality are compared to results obtained before structural testing, using the external collimator (Figure 10, H) , then final image quality, spectral responsivity, noise, and sensitivity testing is performed using MIC2 (Figure 10, I ) in the configurations shown in Figure 11 .
HARDWARE STATUS
The subsystems have progressed tremendously since the previous overview paper was written 2 . The science payload and all its subsystems have successfully passed their critical design reviews, and hardware is being manufactured in all areas. As of this writing, all mirrors have been fabricated and polished including the 40 cm primary, and the beam splitters and filters are being fabricated. A prototype scanner that is identical to the flight unit has been operating with breadboard electronics. Cryostat tank, plumbing, and aluminum foam components have been fabricated and are being assembled. The focal planes are being fabricated, with engineering unit devices being assembled for delivery in October 2006. Electro-optical characterization measurements and configuration.
6.
SUMMARY
The design of the science payload satisfies the requirements with appropriate margins. The cost constrained program is enabled by technologies developed on other programs. Additionally, no new technologies are required. The combination of focal plane, optical, and cryogenic technologies provides an instrument design that will satisfy the needs for the sensitive all sky survey. The instrument detailed design is progressing as planned.
7.
